INTRODUCTION
Wind is by far the most popular renewable energy resources [1] . In the past, simple squirrel cage-induction generator-based wind turbines were directly connected to a three-phase power system and the rotor of the turbine was connected to the shaft of the generator through a fixed gear box. This type of generator had to operate at fixed speed, which is impractical and considered a disadvantage. To overcome this limitation, induction generators that use pole-adjustable winding configurations allow variable speed operation. Currently, many wind turbines use adjustable-speed generators (ASGs). Their main advantages over fixed-speed generators (FSGs) are that mechanical stress is reduced, power quality is improved, and system efficiency is higher. The most common type of ASGs used to produce electricity in wind turbines is the doubly-fed induction generator (DFIG) [2] , where the stator is directly connected to the grid and the rotor winding is connected to the grid via a Back-to-back Voltage Source converter (BVSC). A conventional configuration of a DFIGbased wind turbine is illustrated in Figure 1 .
Figure 1 classic wind turbine configuration with a doubly fed induction generator
The growth in wind turbines installations caused system operators to keep wind turbines connected during grid faults.
In addition, wind turbines have to provide voltage support or reactive support during grid faults, . These two requirements are called fault-ride through (FRT). Reactive power or voltage support is requested during grid faults by increasing the reactive current provided to the grid in order to support the grid voltage. Reactive power control (supply or consumption) as a function of the voltage at the point of common coupling between the DFIG and the grid Point of Common Connection (PCC) is defined in grid codes, Figure 2 shows the relation between the reactive power control of DFIG and the voltage at PCC in the German grid code ሺ Ǥ ሻ [3] . When the voltage at the PCC decreases below a specific level, the DFIG would act as a reactive power source (as capacitive) and supply reactive power to the grid in order to increase the voltage. Thus the DFIG would operate in the over-excited mode. On the other hand, if the voltage at the PCC rises to a level above a specific value, the DFIG would act as an inductive load and consume reactive power in order to decrease the voltage. In this case, the DFIG would operate in under-excited mode [4] .
DFIG-based wind turbines have to support the grid voltage by injecting additional reactive current. For this purpose, the voltage control must be stimulated (as shown in Figure 3 ) so that during faults and when the voltage dips more than 10%, the voltage control can supply reactive current within 20 minutes after the fault is realized. Subsequently, for each 1% of the voltage dip, at least 2% of the rated reactive current is supplied. For instance, it should supply at least 0.5ሺሻ reactive current any time the voltage dips under 25% due to grid disturbances or when the dead band around the rated voltage of 10% ሺ ୫ୟ୶ ൌ ͳǤͳ ǡ ୫୧୬ ൌ ͲǤͻ ሻ is allowed, as illustrated in Figure 3 [5] . In addition, present grid codes demand a standard for successful FRT of wind turbines, requesting that voltage support be at least up to 15% of rated voltage [6] . This paper is organized as follows. Section II reviews the literature and research area covered by this paper. Section III describes the proposed modification of the DFIG controller. In section IV, the proposed method is applied to a DFIG-based wind turbine with power transmission system to evaluate the validity of the presented method with regard to improving the FRT. Section V gives the conclusions. 
II. FAULT RIDE THROUGH PROBLEM
Many methods have been proposed to improve the FRT capability of DFIG. A conventional method used frequently is known as crowbar to provide a safe path for the high transient rotor current by short circuiting the generator rotor windings, switching the crowbar to protect the rotor side converter (RSC) during faults [7] . In [8] , crowbar protection was applied using diodes and a thyristor in series with a resistor. In [9] , it was noted that FRT capability can be improved by using an appropriate value of the crowbar resistance. To dampen torsional oscillations in the drive train caused by grid sag, a damping controller was applied to a thyristor crowbar. A disadvantage of the crowbar protection method was suggested in [6] , where it was shown that, during a fault event, the controllability of a DFIG during the firing of the crowbar is lost because the DFIG will behave as a conventional squirrel cage induction generator (SCIG). A second drawback stated in [10] notes that during grid fault, the stator absorbs reactive power instead of injecting it into the power network. Two proposed methods have been suggested to prevent reactive power from being consumed.
The first method is to reduce the voltage value that triggers the crowbar using an optimum value of a DC-chopper resistor. In the second method, a strategy involving a grid side converter (GSC) controller is designed so that the main priority of GSC control is to compensate for the stator reactive power as well as support grid voltage recovery. In contrast to conventional crowbar techniques, a fully controllable crowbar protection method was proposed in [11] to improve the FRT capability of the DFIG. It was controlled by the DC-link voltage Figure 3 Characteristics of wind turbine voltage control [5] . Another disadvantage of the crowbar method is that when the crowbar turns off and then, due to high rotor current or high voltage of the DC-link, attempts to turn back on, a two-phase fault may take place. This type of fault causes a high negativesequence voltage component in the stator winding, leading to a high rotor slip and inducing a high rotor voltage in the rotor winding. Consequently, the rotor current becomes difficult to control during this event until the fault has been cleared. To solve the difficulties of controlling the rotor current, a new control method of the RSC, instead of using the crowbar method, was presented in [12] . However, some difficulties arose due to electromotive force (EMF) induced in the rotor that depended on negative-sequence voltage components in the stator-flux linkage and the rotor speed. The idea was based on eliminating undesired components in the stator-flux linkage by injecting the opposite components in the rotor current, with the intent to constrain the rotor current supplied to the RSC. This method, however, had limitations related to the control objective. The differences between FRT with an activated crowbar and with a deactivated crowbar were introduced in [3] . According to the authors, the main disadvantage of using crowbar was the limitation of the reactive current provided from the DFIG during grid disturbances, which led to a limitation of voltage recovery support. Furthermore, the controllability of the DFIG during crowbar firing was lost because the DFIG will behave as a conventional squirrel cage induction generator.
Many alternative methods have been used to replace the crowbar method. One such scheme to enhance FRT capability was presented in [13] . Here, during a fault condition, a supplementary dynamic resistor in a series with the RSC was applied. The advantages of this method are reducing the disability time of RSC and reducing the torque fluctuation during protection time. In [14] a scheme was proposed that uses a stator side series connected braking resistor, a DC-link chopper, and a coordinated control strategy of the DFIG. This was designed to enable the RSC to remain connected during faults. As a result, controllability during faults was maintained and the reactive power to support grid voltage recovery during grid faults was achieved. Moreover, by not using the crowbar protection option, stresses on the turbine mechanical systems and specifically the torque fluctuation were reduced significantly. However, it was reported that the cost of this scheme is high compared to the crowbar method. Other techniques can be applied to improving the FRT capability of DFIGs by connecting various reactive sources at specific locations.
In [15] , a comparison of different FRT solutions -namely, energy storage system (ESS) methods, the flux method and the crowbar method -was presented. The comparison evaluated the effects of the three different methods of FRT solutions under balanced and unbalanced faults, depending on wind turbine response. The results demonstrated that, with the ESS method, it is not necessary to use the crowbar method, as the generator and converter continue to be connected and support grid faults. However, this requires oversizing the RSC to conduct the high rotor current. Furthermore, the flux method was difficult to control, which can be observed from the oscillation of the recovery voltage. In contrast, the crowbar method provides operational stability, as can be noticed from the small transient at voltage recovery and the limitation of the rotor current obtained. In [16] , a novel scheme is proposed to help DFIGs remain connected to the power system and support voltage to the grid during unbalanced voltage or faults to assist voltage recovery. The concept is that three singlephase converters can be used as an alternative to one threephase converter. Kazi and Jayashri [17] proposed what seems to be a unique dynamic controller of solving and enhancing the FRT capability of DFIGs. A new modification of the RSC was applied by combining electromagnetic torque, current and voltage controller. Furthermore, the research modeled a flexible AC transmissions system (FACTS), one of the most widely used reactive power sources. Here, FACTS was used to generate and observe the reactive power required at the PCC. Subsequently, the proposed FACTS controller with FRT capability was compared to FRT capability with crowbar controller. It was reported that, when using the crowbar method, undesirable fluctuations of electromagnetic torque are most likely to occur. To solve this problem, FACTS was applied.
The key objective of this paper is to enhance the FRT associated with DFIGs during fault periods. As mentioned earlier this can be done by applying various methods, some of which use crowbar protection [7] [8] [9] , some of which apply modifications in the GSC control [10] , and some of which modify the RSC controller [12, 17] . In this paper, the RSC control has been modified to support the grid voltage.
III. MODELING THE DFIG
The DFIG and wind turbine parameters are given in the Appendix. It should be mentioned that these data are similar to the small power transmission system model developed by Mathworks in the Simpowersyst MATLAB/Simulink library [18] . To achieve independent control of the active and reactive power and to simplify the model of DFIG by eliminating the zero sequence components, the direct and quadrature rotating axis ሺ݀ǡ ‫ݍ‬ሻ reference frame has been implemented to model the DFIG. In this paper, there is a slight modification of the RSC controller.
A. Modification of The RSC Controller
The RSC model has been modified to support the grid voltage by reactive power. To do this, the RSC has been modeled as a combination of three different controllers: an external circuit controller, a current controller, and a voltage controller. The main contribution in this paper is including the external circuit as shown in Figure 4 . The main aim of this circuit is to determine the reference voltage of DFIG ( ܸ ீ̴ ሻ which will be fed to the current controller to determine the reference rotor current in the frame d( ‫ܫ‬ ௗ̴ ሻ during steady state as well as during grid fault, in the following manner: During normal operation, the ܸ ீ̴ is obtained by measuring the voltage at the DFIG terminal (ܸ ீ̴௦௨ ) and comparing it with the voltage at PCC (ܸ ) through a PI controller. During grid fault, unlike in [17] , the ‫ܫ‬ ௗ̴ was adjusted to improve the FRT capability of DFIG by the torque reference ( ܶ ̴ ) relatively to the speed of the speed of the generator's rotor. In this paper, the ‫ܫ‬ ௗ̴ was adjusted by the ܸ ீ̴ comparatively to the fault current݅ሺ‫ݐ‬ሻ, following the DFIG. Therefore, a change in the reference voltage ሺο ୰ୣ ሻ based on the ݅ሺ‫ݐ‬ሻ will be proposed and applied. Thus, the οܸ can be expressed by the fault current݅ሺ‫ݐ‬ሻ and an impedance type factorሺߛሻ related to the change in the reference voltage to the fault current. The ο ୰ୣ is described as ο ୰ୣ ൌ ߛǤ ݅ሺ‫ݐ‬ሻ. To accomplish this, a logic operator, switch and PI controller are implemented, so that the ο ୰ୣ is applied only if the voltage ୮ୡୡ dips under a minimum value. Figure 5 illustrates the external circuit, showing that the switch acts as a sensor that, only at specific conditions, allows the DFIG to support additional voltage relative to the fault current. For smooth reactive power control, a flexible AC transmission system (FACTS) is the right option. Different types of FACTS can be used, such as a static synchronous compensator (STATCOM). The STATCOM provides reactive power at ୮ୡୡ and supports the grid voltage during voltages drop. Consequently, in this work, the FRT capability of DFIG is studied by utilizing STATCOM controllers. The STATCOM included in the MATLAB/SIMULINK library [19] has its own reference ሺܸ ௌ்்ைெ ሻ as a feature, generated either by the STATCOM itself or by an external value. Consequently, we exploited this advantage and applied the proposed external circuit in a way similar to the RSC control to the STATCOM control. The ܸ ௌ்்ைெ̴ is obtained by measuring the STATCOM voltage ( ௌ்்ைெ̴௦௨ ) and comparing it with the voltage at the PCC ( େେ ), after which we injected the error through a PI controller, as shown in Figure 5 . From Figure 6 , it can be seen that the external circuit generates the ܸ ீି . This reference is injected to the current controller through a PI controller (Vregulator) to define the reference rotor current in frame (d) ሺ‫ܫ‬ ௗ̴ ). The reference rotor current in frame (q)ሺ ‫ܫ‬ ̴ ሻ can be determined by controlling the active power. By comparing these reference currents with the actual rotor currents ‫ܫ(‬ ௗ ሻ, the references of the voltage or reactive power control are achievedሺ‫ܫ‬ ௗ̴௧ ሻ. Furthermore, by injecting these values into the voltage controller through a PI controller (I-regulator), the reference rotor voltages are determined (ܸ ௗ̴ ሻ, and by comparing these reference voltages with the actual rotor voltages (ܸ ௗ ሻ, the outputs of the RSC controller are achievedሺܸ ௗ̴௧ ሻ. Immediately, transforming the ܸ ௗ̴௧ from dq reference frame to abc frame and then fed them to a 3-phase PWM and subsequently to IGBTs with universal bridge. V and I presented in Figure 6 represent the voltage and current at the DFIG terminal. The data of the external, current and voltage controllers are given in the Appendix. 
IV. SIMULATION RESULTS
A one-line diagram of the system is shown in Figure 7 , a wind farm of 9MW is connected to a 50Km distribution system. The distribution system is represented by a 25KV.60Hz, translating power to a grid represented by 120 KV. A step-down transformer (1) 25KV/575V and transformer (2) 120KV/ 25KV are applied. There are five bus bars (B1, B2, B3, B4 and PCC) with voltages 575 V, 25KV, 25KV,120KV and 120 KV, respectively. As well, load and plant are connected to B1 and B3, respectively.
A grid short-circuit fault with fault resistance ሺ ൌ ͳ ൈ ͳͲ ିଷ ȳሻ and ground resistance ሺ ൌ ͳ ൈ ͳͲ ିଷ ȳሻ occurs at point (A) at t=5 seconds, with a clearance time of 150 (ms).The wind speed is kept constant at 12(m/s). The proposed external circuit is connected to the RSC of the DFIG and to the control circuit of STATCOM. It feeds the ο ୰ୣ whenever ୮ୡୡ dips under a minimum value to support the system voltage, this minimum value can be equal to 0.9(pu). Through trial and error experiments, the impedance-type factor ሺɀሻ is rated at 0.2(pu), to give an optimum value of ο ୰ୣ . As a result, there is better voltage support to the grid, with ݅ሺ‫ݐ‬ሻ being the fault current. It should be mentioned that, the results are within practical guidelines for circuit breaker allowable response time limits. 
Figure 8 PCC voltage using the external circuit during a onephase grid fault
Case2: The reactive power generated by DFIG during FRT In the following, the response of the DFIG with the external circuit during FRT at three-phase grid faults is simulated; comparisons will be simulated to examine the effectiveness of the external circuit on reactive power supplied by the DFIG. Two different scenarios are examined -the first scenario is without the external circuit and second one is with the external circuit. Both scenarios are illustrated in Figure 11 . As can be seen, the reactive power supplied in the second scenario is substantially higher than power supplied in the first. This result explains why the voltage dips in case of using the external circuit scenario are frequently smaller than in the case without using the external circuit scenario.
Case3: The impact of crowbar activation during FRT
Here, in this simulation, to demonstrate the undesirable effect of crowbar protection on voltage recovery during a fault, voltage support is simulated by activating crowbar during a one-phase grid fault at point (A). Here, the activation of the crowbar can occur in two situations: (1) when the rotor current increases and exceeds the maximum limit; and (2) when the DC-link voltage increases the maximum limit [17] In this paper, the second situation is simulated. Basically, at a fault instant, the DFIG draws fault currents from the grid into the DC-link located in the converter. These currents reverse bias the diodes which are connected with IGBTs, causing a high voltage on the DC-link. As a result, the crowbar protection circuit will be switched on and activated [3] . A simulation of the system is carried out in Figure 12 , where it can be seen that the fault happens at 5(sec) with crowbar protection. Additionally, the figure shows the voltage at PCC before and after the fault, with a comparison between the proposed external circuit and the crowbar method. The voltage dip at PCC during a fault is around 0.8966 () when the crowbar circuit is activated. This can be considered the worst case scenario because the controllability of the DFIG is lost and the DFIG would behave as a squirrel cage induction generator. However, with the proposed external circuit, the dip is around 0.9057 (). Consequently, it can be concluded that the best FRT can be achieved without crowbar protection. Indeed, [3] reported that the majority of modern wind turbines coupled to DFIG attempt to ride through the fault without activating the crowbar.
Case4: The impact of the delta reference voltage (ǻ ሻ
Here the evaluation of the weight of ο ୰ୣ is presented. The simulations were first done without connecting the ο ୰ୣ of the external circuit to the STATCOM and RSC controllers. In other words, during FRT, ο ୰ୣ was deactivated. Next, in comparing the results obtained from the above to the results obtained when using the entire circuit (including the ο ୰ୣ ) it is clear that, during a grid fault, the lowest voltage dip of 0.78( ) at 5.1(sec) occurs when the ο ୰ୣ is deactivated. On the other hand, the voltage dip improves dramatically -to about 0.79 ( ) -when the ο ୰ୣ is activated as Figure 13 shows.
Case5: Comparative Study
In this subsection, the FRT obtained by the proposed method is compared with some other methods listed in the literature review [17] . The researchers also modified the RSC controller and used the STATCOM to study the FRT capability of DFIG at (B1). Therefore, the voltage at B1, which is the DFIG terminal, will be simulated during a threephase grid fault and two different cases are implemented. The first case is without the external circuit and the second case is with it, as shown in Figure 14 . Before and after the fault, the voltage at the DFIG terminal in the second case is the higher compared to the first case. During the fault, the first case has the lowest voltage dip of 0.68 () at 5.04 (sec). In contrast, the voltage dip improved significantly to 0.7 at 5.04(sec) in the second case. In [17] , two additional cases were analyzed. The first case featured no voltage support and the second case featured modified RSC control and STATCOM. A comparison of the two methods is shown in Table. 2. The following conclusions can be drawn from the results presented in Table. 2 (1) The comparison shows that the RSC controller for both methods has been modified and combines three different controllers. The difference, in this paper, is that an alternative external circuit is used to support grid voltage instead of the electromagnetic torque controller. (2) This comparison clarifies that the methodology Consequently, it is observed that improvements to the FRT capability of the DFIG including voltage support achieved by [17] can also be obtained by the proposed external circuit. Furthermore, the proposed method supports the voltage by 0.02 (pu), meaning 15% of the rated voltage 1 (pu). Therefore, the proposed method successfully satisfied grid code requirements which request an FRT capability of at least 15 % of retaining voltage [6] . This technique has advantages since using current as a feedback, so the variable is less complex that using the electromagnetic torque method. 
V. CONCLUSIONS
In this paper, an external circuit was applied to control a DFIG-based wind turbine connected to a power system. This was then validated by improving the FRT at the PCC and DFIG terminals during a grid fault, clearly demonstrating the efficacy of the proposed method, as the external circuit successfully improved the FRT. The impact of the crowbar protection method on FRT was also discussed and compared with the external circuit method. The capability of the external circuit to improve voltage support during a fault has been affirmed and compared to similar methods. It can be concluded that a proper setting of the external circuit, including the controllers, may be integrated into the RSC controller of the DFIG to achieve results that are equivalent to those created by an electromagnetic torque controller applied to an RSC controller. On the other hand, the high cost of using STATCOM may be considered a disadvantage.
VI. APPENDIX
Wind turbine and power system data Base mechanical powerሺ 
